Introduction {#Sec1}
============

The effect of aerosols on cloud albedo, through an increase in cloud droplet number concentration ($\documentclass[12pt]{minimal}
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                \begin{document}$${N}_{{\rm{d}}}$$\end{document}$)^[@CR1]^, remains to be one of the most uncertain components of the anthropogenic radiative forcing^[@CR2]^. Relationships between aerosol amount and $\documentclass[12pt]{minimal}
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                \begin{document}$${N}_{{\rm{d}}}$$\end{document}$, observed by satellites provide an important constraint for climate models to compute the radiative forcing due to aerosol--cloud interactions. The slope of this relationship on a log-log scale is often referred to as susceptibility. Estimates of susceptibility have so far mostly been based on measurements of the aerosol optical depth (AOD)^[@CR3],[@CR4]^ or aerosol index (AI)^[@CR5]--[@CR8]^. AOD is a poor proxy for Cloud Condensation Nuclei (CCN) concentration^[@CR8]--[@CR10]^, because it is not only affected by the concentration of CCN particles, but also depends strongly on the aerosol size (i.e., a small number of particles with large size can have the same AOD as a large number of particles with small size). Also, hydrophobic mineral dust aerosols contribute substantially to the AOD but are not very effective as CCN. This leads to an estimated susceptibility that is too weak^[@CR9]^. Indeed, most models predict susceptibilities that are much higher than susceptibilities based on measurements of AOD^[@CR8],[@CR11]^. An empirical way to suppress the effect of size variation on the AOD and to suppress the effect of mineral dust is to use the AI which is the product of AOD and Angstrom Exponent (a measure of the AOD spectral dependence). Although the physical meaning of the AI is only qualitative, model studies suggest^[@CR8],[@CR9]^ that AI is better suited than AOD to estimate RF$\documentclass[12pt]{minimal}
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                \begin{document}$${}_{{\rm{aci}}}$$\end{document}$. However, studies using AI also find susceptibilities that are substantially smaller than what models predict^[@CR6]^. In addition to the use of nonoptimal CCN proxies, also measurement uncertainties, especially at low aerosol concentrations, lead to an underestimate of susceptibility^[@CR12]^.

In this study, we use information on aerosol number, size, and shape retrieved from satellite based polarization measurements, to obtain an improved estimate of susceptibility and RF$\documentclass[12pt]{minimal}
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                \begin{document}$${}_{{\rm{aci}}}$$\end{document}$. These measurements indicate that susceptibility depends strongly on aerosol size and shape. Based on this, we define a CCN proxy as the column number of particles with radius \>0.15 µm, for scenes where the percentage of spherical aerosols \>90%. Also, we exclude observations at small aerosol concentrations where measurement uncertainties have large effect on the derived susceptibility^[@CR12]^. Using the new CCN proxy, we find susceptibilities that are substantially larger, and an RF$\documentclass[12pt]{minimal}
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                \begin{document}$${}_{{\rm{aci}}}$$\end{document}$ estimate that is substantially more negative, than estimates based on AOD or AI, as used in previous studies.

Results {#Sec2}
=======

Dependence of susceptibility on size and shape {#Sec3}
----------------------------------------------

With recent advances in aerosol retrievals from polarization measurements^[@CR13]^, satellite data products have become available, such as column number ($\documentclass[12pt]{minimal}
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                \begin{document}$${N}_{a}$$\end{document}$), size distribution, and particles shape. We investigate the ability of aerosols to act as CCN using POL arization and Directionality of Earth's Reflectance-3 (POLDER-3) retrieved fine and coarse mode $\documentclass[12pt]{minimal}
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                \begin{document}$${N}_{a}$$\end{document}$, effective radius ($\documentclass[12pt]{minimal}
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                \begin{document}$${r}_{{\rm{eff}}}$$\end{document}$), effective variance ($\documentclass[12pt]{minimal}
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                \begin{document}$${v}_{{\rm{eff}}}$$\end{document}$), and fraction of spherical particles ($\documentclass[12pt]{minimal}
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                \begin{document}$${f}_{{\rm{sp}}}$$\end{document}$) from the SRON algorithm^[@CR16]--[@CR18]^, in combination with MODerate resolution imaging spectroradiometer (MODIS) retrievals of cloud droplet effective radius and cloud optical thickness^[@CR19]^, from which $\documentclass[12pt]{minimal}
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                \begin{document}$${N}_{{\rm{d}}}$$\end{document}$ is derived^[@CR11]^. Following the suggestion of Dusek at al.^[@CR14]^, we define a CCN proxy $\documentclass[12pt]{minimal}
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                \begin{document}$${N}_{{\rm{ccn}}}$$\end{document}$ as the column number of aerosol particles (in cm$\documentclass[12pt]{minimal}
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                \begin{document}$${}^{{\rm{-2}}}$$\end{document}$) with radius $\documentclass[12pt]{minimal}
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                \begin{document}$$> \, {r}_{\mathrm{lim}}$$\end{document}$, where $\documentclass[12pt]{minimal}
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                \begin{document}$${r}_{\mathrm{lim}}$$\end{document}$ is a threshold radius to be determined. As a proxy for particle hygroscopicity and to exclude hydrophobic mineral dust, grid cells with $\documentclass[12pt]{minimal}
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                \begin{document}$${f}_{{\rm{sp}}}\;> \;{f}_{{\rm{sp}},\min}$$\end{document}$ are selected, where $\documentclass[12pt]{minimal}
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                \begin{document}$${f}_{\rm{sp},\min}$$\end{document}$, is a threshold to be determined. Using collocated POLDER-3 $\documentclass[12pt]{minimal}
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                \begin{document}$${N}_{{\rm{ccn}}}$$\end{document}$ and MODIS $\documentclass[12pt]{minimal}
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                \begin{document}$${N}_{{\rm{d}}}$$\end{document}$ retrievals on a 1$\documentclass[12pt]{minimal}
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                \begin{document}$${}^{\circ }$$\end{document}$ latitude--longitude grid, we determine the susceptibility $\documentclass[12pt]{minimal}
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                \begin{document}$$S=\frac{d\,{\mathrm{log}}\;{N}_{{\rm{d}}}}{d\,{\mathrm{log}}\;{N}_{{\rm{ccn}}}}$$\end{document}$ as a linear regression coefficient for binned points of $\documentclass[12pt]{minimal}
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                \begin{document}$$\log{N}_{{\rm{ccn}}}$$\end{document}$. When determining $\documentclass[12pt]{minimal}
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                \begin{document}$$S$$\end{document}$, we leave out values of $\documentclass[12pt]{minimal}
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                \begin{document}$${}^{-2}$$\end{document}$, because our simulator results (see Methods) indicate that inclusion of these small values may lead to a strong underestimate of $\documentclass[12pt]{minimal}
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                \begin{document}$$S$$\end{document}$ because of measurement uncertainties.

Figure [1](#Fig1){ref-type="fig"} shows $\documentclass[12pt]{minimal}
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                \begin{document}$$S$$\end{document}$ for global ocean data as a function of $\documentclass[12pt]{minimal}
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                \begin{document}$${f}_{{\rm{sp,min}}}$$\end{document}$. For the interpretation of these results it is important to note that that the size distributions measured by POLDER relate to humidified particles. Compared to dry particles, there is about a factor 2 increase in particle radius if the relative humidity is $\documentclass[12pt]{minimal}
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                \begin{document}$$> $$\end{document}$90%^[@CR20]^ (which is typically the case for grid cells that contain a cloud). First of all, S increases with $\documentclass[12pt]{minimal}
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                \begin{document}$${f}_{{\rm{sp,min}}}$$\end{document}$, indicating that particle sphericity is a good indicator of the capability of an aerosol to take up water and hence nucleate droplets. An optimal value for $\documentclass[12pt]{minimal}
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                \begin{document}$${r}_{\mathrm{lim}}$$\end{document}$ from 0 to 0.025 µm consistent with laboratory results^[@CR14]^ showing that such small particles are not suitable as CCN. S strongly increases for $\documentclass[12pt]{minimal}
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                \begin{document}$${r}_{\mathrm{lim}}$$\end{document}$ between 0.05 and 0.15 µm, and then flattens off between 0.15 and 0.20 µm. The reason for this behavior is that particles with (wet) radius $\documentclass[12pt]{minimal}
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                \begin{document}$$> $$\end{document}$ 0.15 µm are suitable as CCN even at low supersaturation (0.1%), while the aerosol burden including smaller particles may consist of a substantial fraction of non-CCN. The inclusion of non-CCN leads to an underestimate of susceptibility because variations in non-CCN have no effect on $\documentclass[12pt]{minimal}
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                \begin{document}$$S$$\end{document}$ decreases again but the determination of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$S$$\end{document}$ becomes increasingly uncertain in this range (because of the small range in $\documentclass[12pt]{minimal}
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                \begin{document}$${r}_{\mathrm{lim}}$$\end{document}$, the number of larger aerosols is no longer a good proxy for the number of aerosols at intermediate sizes that make up the bulk of the CCN. The value for $\documentclass[12pt]{minimal}
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Comparison between CCN proxies {#Sec4}
------------------------------

Figure [2](#Fig2){ref-type="fig"} demonstrates that there is not a simple scaling between AOD and $\documentclass[12pt]{minimal}
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Figure [3](#Fig3){ref-type="fig"} shows the relationships of $\documentclass[12pt]{minimal}
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Radiative forcing due to aerosol--cloud interactions {#Sec5}
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Discussion {#Sec6}
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Methods {#Sec7}
=======

POLDER-3 aerosol retrievals {#Sec8}
---------------------------

In this work, we use the POLDER-3 aerosol product retrieved by the SRON aerosol retrieval algorithm^[@CR16],[@CR17]^ (processed for the year 2006) previously used for computing the direct radiative effect of aerosols^[@CR18]^. Retrievals are based on Collection-3 level-1 POLDER-3 medium resolution data (18 $\documentclass[12pt]{minimal}
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Cloud screening has been performed based on goodness-of-fit between forward model and measurement^[@CR17]^. This means aerosol retrievals in (partly) cloudy scenes and directly next to clouds are excluded^[@CR33]^. The aerosol products have been gridded on a 1$\documentclass[12pt]{minimal}
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MODIS cloud retrievals {#Sec9}
----------------------
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Deriving susceptibility {#Sec10}
-----------------------

To derive the susceptibility from POLDER-3 and MODIS data, we use all grid cells for the year 2006 for which we have both a valid POLDER-3 $\documentclass[12pt]{minimal}
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An important assumption we make here is that the aerosol properties are uniformly distributed over a grid cell and that relative variations in the column integrated aerosol concentration are representative for the aerosol that interacts with the cloud at cloud base. Under this assumption, it is unnecessary to perform retrievals below clouds or directly next to clouds, which is not possible with current retrieval algorithms^[@CR33]^. These assumptions may lead to an underestimation of susceptibility because if the retrieved aerosol is not representative for the aerosol that interacts with clouds, variations in retrieved aerosol properties would have no effect on $\documentclass[12pt]{minimal}
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Simulating the effect of measurement errors {#Sec11}
-------------------------------------------

To investigate the effect of measurement errors on $\documentclass[12pt]{minimal}
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When computing the uncertainty ranges for RF$\documentclass[12pt]{minimal}
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